Abstract: Nanoagrochemicals, such as nanopesticides, nanofertilizers or plant growth stimulating nanosystems, were primarily designed to increase solubility, enhance bioavailability, targeted delivery, controlled release and/or protection against degradation resulting in the reduced amount of applied active ingredients and finally in a decrease of dose-dependent toxicity/burden. This paper is a comprehensive up-to-date review related to the preparation and the biological activity of nanoformulations enabling gradual release of active ingredient into weeds and the body of pests and controlled release of nutrients to plants. The attention is also devoted to the decrease of direct environmental burden and economic benefits due to application of nanoformulations, where less amount of active ingredient is needed to achieve the same biological effect in comparison with bulk. The application of nanotechnology in the areas such as food packaging, food security, encapsulation of nutrients and development of new functional products is analysed. The use of nanoparticles in biosensors for detection of pathogens and contaminants as well as in DNA and gene delivery is discussed as well. Benefits and health risks of nanoagrochemicals are highlighted, and special attention is given to nanoecotoxicology and guidelines and regulatory documents related to the use of nanoformulations in agriculture and food industry.
Introduction
The bioavailability of all biologically active agents (drugs, agrochemicals) is influenced by their solubility and permeability. There are many ways to solubilize certain poorly soluble active ingredients, but these methods are limited by particular structures with certain properties in regard to their chemistry or, for example, to their molecular size or conformation. Generally strategies/structural modifications to improve permeability are based on a few fundamental concepts: reduction of ionizability, increase of lipophilicity, reduction of polarity or reduction of hydrogen bond donors or acceptors [1] [2] [3] [4] . Formulations can be considered as one more strategy for improving solubility and permeability, ie bioavailability; for example, permeability enhancers, surfactants or complexing agents can be used. The other possibility how to increase the bioavailability of active ingredients is preparation of nanoparticles (NPs). The technique of nanoparticle delivery allows many biologically active agents to reach the desired site of action. The advantages of nanotechnology are as follows: (i) increased bioavailability (quick dissolution; improved penetration/permeation through membranes); (ii) lower doses; (iii) lower dose-dependent toxicity; (iv) controlled release; (v) targeted biodistribution; (vi) reduction of the influence of environment on bioavailability variability [5] [6] [7] [8] [9] .
According to the "Recommendation on the definition of a nanomaterial" adopted by the European Commission, the term "nanomaterial" means "a natural, incidental or manufactured material containing particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50% or more of the particles in the number size distribution, one or more external dimensions is in the size range 1-100 nm". In specific cases and where warranted by concerns for the environment, health, safety or competitiveness the number size distribution threshold of 50% may be replaced by a threshold between 1 and 50%. By derogation from the above, fullerenes, graphene flakes and single wall carbon nanotubes with one or more external dimensions below 1 nm should also be considered as nanomaterials [10] . NPs of less than 250 nm are of practical importance [5] [6] [7] . A great problem is the insufficiently investigated possible toxicity of NPs. The toxicity is dependent on the shape and surface properties of NPs, because both can influence nanoparticle-cell interactions as well as the rate of penetration to cells. Among various nanoparticle forms nanotubes were found to be one of the most toxic NP shapes [7, [11] [12] [13] .
Nanotechnology is regarded as one of the key technologies of the 21st century. It promises to improve current agricultural practices through the enhancement of management and conservation of inputs in crops, animal production and fisheries [14] [15] [16] . Nanotechnology has also the excellent potential to increase global food production, enhance food quality and reduce waste for "sustainable intensification" of agricultural production [17] [18] [19] . The widespread use of pesticides and fertilizers causes environmental pollution, loss of biodiversity and emergence of agricultural pests and pathogens. For alleviation of these problems nanoformulations can be used, which represents an efficient means for targeted distribution of fertilizers in a controlled fashion with high site specificity, thus reducing collateral damage. Thus, food production and agriculture are among the most important fields of nanotechnology application. Important areas of nanotechnology application in the food sector are food safety (through the use of nanosensors for pathogen detection), intelligent, active and smart food packaging systems and valorisation of food products by nanoencapsulation/nanodelivery of bioactive food ingredients [16, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
Preparation of nanoparticles and nanoformulations
A wide range of techniques has been developed for the preparation of nanomaterials. These methods are typically grouped into two categories: top-down (generally dispergation processes) and bottom-up (generally precipitation processes) [5] [6] [7] , whereas the latter is now by far the most popular in the preparation of NPs. In top-down methods, NPs can be produced by division of a massive solid into smaller portions. This approach may involve milling or attrition, chemical methods and volatilization of a solid followed by condensation of the volatilized components, eg, high-energy ball milling, high-pressure homogenization, emulsifying technology and microfluidization [5] [6] [7] [33] [34] [35] [36] . The bottom-up method of NPs generation involves condensation of atoms or molecular entities in a gas phase or in solution and includes sol-gel synthesis and precipitation processes, eg, spray freezing into liquid, evaporative precipitation into aqueous solution, precipitation with compressed antisolvent or rapid expansion of supercritical solution [37] [38] [39] [40] [41] [42] [43] . Mechanical approaches are capable of producing NPs, typically, in the 100-1000 nm range, chemical and bottom-up methods tend to produce 10-100 nm particles [44] .
For the synthesis of various metal NPs many researchers applied ultrasonication [45] [46] [47] [48] [49] . The pulsed electrodeposition technique based on a multipulse sequence of potentials of equal amplitude, duration and polarity was employed for preparation of highly dispersed flower-like Cu 2 O NPs [50] , and nanolayers of Cu and Cu 2 O with a wide range of layer thicknesses have been produced using pulsed galvanostatic and potentiostatic electrodeposition from alkaline Cu(II)-citrate solutions [51] . Laser ablation technique was used for synthesis of nanosized alumina (nano-Al 2 O 3 ) powder [52] and nanocrystalline NbAl 3 [53] . For highly size-controlled synthesis of Au/Pd NPs inert-gas condensation was employed [54] , and formation of superparamagnetic nanocomposites from vapour phase condensation in a flame was reported by Zachariah et al [55] . Nanosized ceramic oxide powders were prepared by microwave plasma reactions [56] and Liu et al [57] used γ-irradiation to synthesize AgNPs. The wet chemical reduction method was used for synthesis of silver/talc [58] or silver/clay nanocomposites [59] . The chemical vapour condensation was employed for preparation of iron NPs, CoNPs [60, 61] and carbon-coated CoNPs [62] . Using the chemical co-precipitation method magnetite NPs [63, 64] and superparamagnetic MFe 2 O 4 (M = Fe, Co, Mn) NPs [65] were prepared. In biological methods for preparation of metal NPs mainly leaf reductants occurring in leaf extracts are used [66] [67] [68] [69] . Popular silica-based NPs (SiO 2 NPs) are prepared by post loading [70, 71] or more advantageous preloading [72] [73] [74] [75] techniques. Due to extremely small particle size NPs can easily permeate through any biomembrane, and large surface area of NPs enables them to bind/absorb and transport compounds. NPs can be used also for carrying compounds [76] . In general, nanosystems consist of two basic components, an active ingredient and a nanocarrier that stabilizes the nanonized active ingredient. Nanoformulations can combine inorganic components, several surfactants/organic polymers (as stabilizers) and an active ingredient, all in the nanometer size range [77] .
Current NP platforms can be classified into three major categories including: (i) inorganic-based (solid) NPs (non-biodegradable); (ii) organic-based NPs (frequently biodegradable); and (iii) hybrid NPs. Organic-based NPs, which are most frequently used in agriculture, consist generally of water-soluble biodegradable biocompatible polymers, such as chitosan, lignin, phospholipids, lecithin, lactalbumin, starch, cellulose derivatives, alginates, polylactides, poly(propylene glycol), polyacrylamide and polysorbate. The formulations based on biodegradable organic-based matrices prepared by encapsulation technology allow designing controlled-release nanocarriers, in which the surface can be modified by various other molecules. Using this approach not only aqueous solubility (lipophilicity or hydrophilicity) of the active ingredient can be modified, but also its targeted biodistribution can be ensured; thus, the dosage of agrochemical can be reduced, because matrices provide protection of the active agent from environment and vice versa [77] [78] [79] [80] [81] [82] [83] [84] [85] . Some papers disclosing examples of using the properties of controlled-release formulations contributed to the development of the CRF in the agricultural field [86, 87] .
Nanoformulations used for plant protection and their biological activities Nanoherbicides
Sustainable agriculture demands minimum use of agrochemicals so as to protect environment and different species. Encapsulation of herbicide in polymeric core shell NPs can result in safer and convenient management of herbicides that promises environmental safety [88] . The control of parasitic weeds with nanoencapsulated herbicides was found to reduce the phytotoxicity of herbicides on crops [89] . Development of a target specific herbicide molecule encapsulated with NPs is aimed at a specific receptor in the roots of target weeds, which enter into the roots system of the weeds and translocates to parts that inhibit glycolysis of food reserves in the root system, ultimately making the specific weed plant to starve for food and get killed [90, 91] .
Nanoformulations of poly(ε-caprolactone) containing the herbicide atrazine were found to be effective for the control of the target Brassica sp and showed lower toxicity to the non-target organisms, eg, alga Pseudokirchneriella subcapitata, compared to the herbicide alone [92] . Encapsulated paraquat nanoformulations composed of chitosan and sodium tripolyphosphate, similarly as incorporation of paraquat [93] or clomazone to alginate/chitosan NPs [94] reduced environmental impact with simultaneous preservation of herbicidal effectiveness [95] , and treatment with nanoparaquat resulted in less chromosome damage in Allium cepa [96] . Also encapsulated paraquate in the formulation of AgNPs in the chitosan matrix showed controlled-release properties and improved herbicidal activity against Eichhornia crassipes with 90% of release at 24 h without affecting soil macro and micronutrients, soil enzymes, soil microflora and seedling emergence and plant growth parameters of non-target plant Vigna mungo [97] . For programmed release of pre-emergence herbicide pendimethalin hollow-shell particles formed from manganese(II) carbonate core-shell NPs coated with suitable water soluble polymers (eg, sodium polystyrene sulfonate and polyallylamine hydrochloride) were used by Kanimozhi and Chinnamuthu [98] .
Glyphosate isopropylamine (GIPA) incorporated in nanoemulsion formulation (environmentally friendly nanoemulsion system) prepared from the isotropic liquid phase upon aqueous dilution of the preformulation concentrate with low-energy stirring formed well-dispersed NPs, and the nanoemulsion formulation showed improved physicochemical characteristics [99] . Nanoemulsion system was used to increase penetration and uptake of GIPA by weeds of Eleusine indica, and nanoemulsion formulations of GIPA showed enhanced bioactivity and displayed a significantly lower spray deposition on creeping foxglove (2.9-3.5 ng/cm 2 ), slender button weed (2.6-2.9 ng/cm 2 ) and buffalo grass (1.8-2.4 ng/cm 2 ) than Roundup ® (3.7-5.1 ng/cm 2 ), even though the visible injury rates of weeds treated with the nanoemulsion formulations were statistically equivalent to those relating to Roundup ® [100] . Clodinafop-propyrgyl herbicide loaded carboxymethyl cellulose nanocapsules were found to be suitable for improving crop yield compared to conventional practices, as these are safe for soil and ecosystem [88] .
Hybridization of the phenoxy herbicides into Zn-Al-layered double hydroxide interlamellae was used to prepare new nanohybrids of 2-chloro-(2-CPA) and 2,4,5-trichlorophenoxyacetic acids (2,4,5-T) [101, 102] and 2,4-dichlorophenoxyacetic acid (2,4-D) [103] . In these nanohybrids the phenoxy herbicides were successfully intercalated into the layered double hydroxide inorganic interlayers that were found to be a suitable matrix of the controlled-release formulation of agrochemicals. Poly(butyl methacrylate-diacetone acrylamide)-based formulation used for controlled release of acetochlor showed improved herbicide incorporation and slower release, obviously due to potential interactions between the herbicide and the polymer [104] .
The phytotoxic effect of metal NPs applied in the form of colloidal solutions on the growth of A. cepa roots decreased in the following order: Cu ≥ Zn ≥ Ag ≥ Fe [105] . CuO NPs were found to be more toxic than bulk CuO or dissolved Cu(II) ions to Landoltia (Spirodela) punctata [106] and Zea mays [107] . It was demonstrated that CuO NPs were transported from roots into the shoots through the xylem. However, back translocation from shoot into root through phloem accompanied with NPs reduction from Cu(II) to Cu(I) can occur as well, which could be connected with the potential risk of NPs and food safety [107] . When common wetland plants Phragmites australis and Iris pseudacorus were grown in contaminated soil in the natural environment, transformation of copper into metallic NPs (CuNPs) in and near roots was observed indicating the assistance of endomycorrhizal fungi [108] .
The treatment with CuNPs resulted in significant reduction of growth and transpiration rate of Cucurbita pepo plants relative to untreated controls [109, 110] . In Cucumis sativus seedlings CuO NPs were found to adhere to the root cell wall [111] , and a significant increase in superoxide dismutase, catalase and peroxidase activities at CuO NPs application was observed [111] . The activity of antioxidant enzymes increased also after treatment of Elodea densa plants with CuNPs [112] . Moreover, CuO NPs were found to induce not only strong plant growth inhibition of Raphanus sativus, Lolium perenne and Lolium rigidum plants, but also DNA damage, which was reflected in significant accumulation of oxidatively modified, mutagenic DNA lesions under controlled laboratory conditions [113] . Genotoxic effects of CuO NPs on early growth of buckwheat were estimated as well [114] .
Nanofungicides and nanoscale antimicrobial agents
Fungal diseases cause important yield reduction in crops, which has ultimately a significant economic impact. Therefore it is indispensable to focus attention on design and preparation of effective fungicides that can control fungal diseases by specifically inhibiting or killing the fungi that cause the diseases. However, not all diseases caused by fungi can be adequately controlled by fungicides. These include the vascular wilt fungal diseases Fusarium and Verticillium. Fungicides are extensively used in agriculture to control soil borne, seed borne or air borne fungal pathogens [115] , because they can control a disease during its occurrence and development, increase productivity of crops and reduce blemishes. They also improve the storage life and the quality of harvested plants. When applying nanofungicides in agriculture, attention should be also paid to their possible interactions with non-target organisms affecting directly or indirectly the maintenance of soil fertility [116] . Naturally, nanoformulations respecting the environment are preferred. Agents with fungicidal properties include natural or synthetic molecules, elements, inorganic-based compounds and metal complexes.
Application of plant essential oil treatment at pre-or postharvest stage has been considered as an alternative to the use of synthetic fungicides to prevent fruit postharvest decay and to extend the storage life, while retaining the overall quality of different fresh commodities. Zataria multiflora essential oil encapsulation in chitosan NPs with the average size of 125-175 nm demonstrated a controlled and sustained release of the essential oil for 40 days, and treatment with nanocapsules at 1500 ppm concentration significantly decreased both disease severity and incidence of Botrytis-inoculated strawberries during 7 days of storage at 4°C followed by 2-3 more days at 20°C [117] .
Cindi et al [118] reported that polyethylene terephthalate punnets containing thyme oil and sealed with chitosan/boehmite nanocomposite lidding films significantly reduced the incidence and severity of brown rot caused by Monilinia laxa in artificially inoculated peach fruit (cv. Kakawa) held at 25°C for 5 days and significantly reduced brown rot incidence also at lower temperatures. Biodegradable chitosan-lactide copolymer was applied as a hydrophobic carrier for pyraclostrobin, a broad-spectrum foliar fungicide [119] . In comparison with 25% pyraclostrobin emulsifiable concentrate, the NPs demonstrated better fungicidal activity against Colletotrichum gossypii at long incubation time, which further exhibited sustained release characteristic.
Hexaconazole NPs (100 nm) stabilized by polyethylen glycol (PEG) were more potent than bulk hexaconazole, exhibited the stability comparable with that of the conventional formulation of fungicide and were found to be a safe nanofungicide [120] . Nanohexaconazole applied at 0.1, 0.01 and 0.001 ppm concentrations performed suppression of growth and sclerotial body initiation in two highly virulent isolates, M25 and M16, of Rhizoctonia solani f. sp. sasakii, the incitant of banded leaf and sheath blight of maize, and significantly restricted lesion formation on susceptible maize cultivar [121] .
The controlled release of the systemic fungicide carbendazim from nanoformulations of PEGs-based functionalized amphiphilic copolymers was found to be between the 10th and the 35th days as compared to the commercial formulation, the controlled release of which was up to the 7th day. However, the release of the maximum amount of carbendazim from developed formulations was dependent on the molecular weight of PEGs and was found to increase with increasing molecular weights. The efficacy of these nanoformulations against plant pathogenic fungi R. solani expressed by ED 50 values varied from 0.40 to 0.74 mg/dm 3 [122] .
Small sized (ca. 35 nm) sulfur NPs (SNPs) were found to be very effective in preventing the fungal growth of two phytopathogens, Fusarium solani (isolated from an infected tomato leaf, responsible for early blight and Fusarium wilt diseases) and Venturia inaequalis (responsible for apple scab disease). The fungicidal effect was mainly connected with the deposition of particles on the cell wall and the subsequent damage of the cell wall [123] . Spherical (ca. 10 nm) and cylindrical (ca. 50 nm) SNPs considerably reduced total lipid content of the treated fungal isolates of Aspergillus niger with significant down regulation of the expression of various desaturase enzymes (linoleoyl-CoA desaturase, stearoyl-CoA 9-desaturase and phosphatidylcholine desaturase), and unusual high accumulation of saturated fatty acids with depleted lipid layer can be inferred as one of the major reasons of SNPs mediated fungistasis [124] . In addition to promising inhibitory effect on fungal growth and sporulation of A. niger and Fusarium oxysporum, SNPs also significantly reduced phospholipid content [125] .
Superior toxic influence on Alternaria alternata fungi in comparison with bulk pesticide was exhibited by hybrid materials prepared by polymerization of citric acid onto the surface of oxidized multiwall carbon nanotubes which were able to trap pesticides such as zineb or mancozeb [126] .
Also NPs of ZnO (35-45 nm) and TiO 2 (85-100 nm) showed antifungal effect against Macrophomina phaseolina, a major soil borne pathogen of pulse and oilseed crops [127] . Antifungal properties were observed also for SiO 2 NPs, since maize plants treated with SiO 2 NPs (20-40 nm) showed significant resistance against F. oxysporum and A. niger, especially at 10 and 15 kg/ha [128] .
The antifungal activity of silver is much higher than that of other metals because Ag(I) ions cause the inactivation of cell wall thiol groups resulting in disruption of transmembrane energy metabolism and the membrane electron transport chain, mutations in fungal DNA, dissociation of the enzyme complexes that are essential for the respiratory chain, reduced membrane permeability and cell lysis [129] . The efficacy of AgNPs is dependent on particle size and shape and decreases with increasing particle size; it was found that truncated triangular particle shape showed greater "cidal" effect than spherical and rod shaped particles [130, 131] . Antifungal properties of AgNPs have been exploited to a great extent against a broad range of human pathogens [132] [133] [134] [135] . At present there is growing interest to utilize antifungal properties of AgNPs for plant disease management [136] . Well-dispersed and stabilized AgNPs solution can act as an excellent fungicide due to good adhesion on bacterial and fungal cell surface [137] ; biosynthesized AgNP-based biopesticides can be used in the future as nanoweapon against phytopathogens [138] . Nevertheless, increased attention must be devoted to the impact of risk factors associated with their usage on the environment. For example, in an in vitro experiment treatment with 750 ppm AgNPs (20-80 nm) exerted hyphal abnormality, hyphal lysis and abnormality of sclerotial formation on M. phaseolina [127] . The toxicity of AgNPs on fungal hyphae and conidial development was reported also by Kim et al [139] and He et al [140] . Biosynthesized AgNPs were found to exhibit strong inhibitory effects against fungal plant pathogens such as Sclerotinia sclerotiorum, R. solani, M. phaseolina, A. alternata, Curvularia lunata, Botrytis cinerea [141] , F. oxysporum [142] , Pyricularia sp., Monilinia sp. and Colletotrichum coccodes [143] .
The AgNPs were effective against plant pathogenic fungi like Bipolaris sorokiniana Magnaporthe grisea [144, 145] , Fusarium sp. and Phoma sp. [146] . Also nanosized Ag colloidal solutions showed considerable antifungal activity against plant pathogenic fungi Fusarium sp., Alternaria solani, Pythium spinosum, Pythium aphanidermatum, Cylindrocarpon destructans, Cladosporium cucumerinum, Glomerella cingulata, Didymella bryoniae, Stemphylium lycopersici and Monosporascus cannonballus [147] .
AgNPs caused a detrimental effect on mycelial growth of Colletotrichum species, and application of 100 ppm concentration of AgNPs produced maximum inhibition of the growth of fungal hyphae as well as conidial germination in comparison to the control in vitro; in field trials the inhibition of fungi was particularly high when AgNPs were applied before disease outbreak on the plants [148] .
The evaluation of the effect of AgNPs against powdery mildew, one of the most devastating diseases in cucurbits, in the field tests, showed that the application of 100 ppm AgNPs exhibited the highest inhibition rate for both before and after the outbreak of disease on cucumbers and pumpkins, and the same concentration of AgNPs showed maximum inhibition for the growth of fungal hyphae and conidial germination in in vivo tests [149] . It could be mentioned that due to antifungal activity AgNPs are also used in indoor paints [150] .
Silica-silver nanoformulation consisting of nano-Ag combined with nano-SiO 2 and water soluble polymer effectively controlled powdery mildews of pumpkin even at 0.3 ppm and showed antifungal activity against the plant infecting fungi R. solani, B. cinerea, M. grisea, Pythium ultimum and Colletotrichum gloeosporioides at 3.0 ppm with varied degrees [151] , whereby the pathogens disappeared from the infected leaves 3 days after spraying, and the plants remained healthy.
Cu-based NPs capable of killing fungi that infect important agricultural crops could be used as next generation agricultural pesticides. Antimicrobial activity of CuNPs against fungal strains such as Aspergillus flavus, A. niger, Candida albicans and bacterial strains such as Staphylococcus aureus, Escherichia coli, Micrococcus luteus, Klebsiella pneumoniae, Pseudomonas aeruginosa was observed by Ramyadevi et al [152] . As copper is a micronutrient of crops, plants will take up any excess NPs, and furthermore, excess NPs can be detoxified naturally by the benign fungi that are present in the roots of plants [153, 154] . CuNPs coated with the capping agent cetyltrimethylammonium bromide, which were found to be more effective against C. lunata, A. alternata, F. oxysporum and Phoma destructive than the commercially available fungicide Bavistin ® [155] , can be used as a unique antifungal agent in agriculture to control plant pathogenic fungi as well as potent disinfectant in poultry and animal husbandry. Powerful antifungal activity against Corticium salmonicolor showed colloidal solution at 7 ppm of CuNPs prepared using copper salt, sodium citrate dispersant and polyvinylalcohol as a capping polymer [156] .
Cu-chitosan NPs were found to effectively inhibit growth and spore germination of phytopathogenic fungi, namely A. alternata, M. phaseolina and R. solani [157] . CuO, Cu 2 O NPs and Cu/Cu 2 O nanocomposites more effectively suppressed infection caused by Phytophthora infestans in tomato (Lycopersicum esculentum) plants than the registered commercially used Cu-based products [158] without any deleterious effect on plants.
Application of 0.2 ppm CuNPs (which is 10,000-fold lower concentration than that usually recommended for copper oxychloride) suppressed the growth of Xanthomonas axonopodis pv. punicae, and it could be supposed that the antifungal activity of CuNPs is connected mainly with NPs adhesion to the bacterial cell surface because of their opposite electrical charges, resulting in a reduction reaction at the bacterial cell wall [159] . CuNPs showed antimicrobial activity against E. coli, Bacillus subtilis and S. aureus and released Cu(II) ions can bind with DNA molecules, which results in the disorder of the helical structure [160] .
Nanoinsecticides
Insecticides are agents of chemical or biological origin that control insects; control may result from killing the insect or otherwise preventing it from engaging in behaviours deemed destructive. In particular, insecticides are highly biologically active substances that can threaten the ecological integrity of aquatic and terrestrial ecosystems. Due to widespread insecticide application to croplands worldwide surface water pollution resulting from current agricultural insecticide use constitutes an excessive threat to aquatic biodiversity [161] . Beside destroying crops, insect pests infest stored food and food products [31, 162] . Because many synthetic chemical insecticides were found to exert unwarranted toxicity and lethal effects on non-target organisms, develop physiological resistance in target and cause adverse environmental effect, efficient alternatives to traditional strategies like integrated pest management used in agriculture are needed for the management of insect pests without harming the nature. Nanotechnology represents such an alternative [163, 164] .
Nevertheless, for detection and physical destruction of small organisms and carriers of pathogens (eg, malaria vectors, spiders, bed bugs, fleas, ants, locusts, grasshoppers, phytophagous mites or other arthropod pests) also laser-based photoacustic-phototermal nanotheranostic platform was used [165] , in which laser energies that are safe for humans and photoacoustic effect can be used to control NPs (carbon nanotubes, gold nanospheres, gold nanoshells or magnetic NPs) delivery.
Considerable potential for increasing agricultural productivity is offered not only by nanoformulations of man-made insecticides but also by botanical insecticides associated with nanotechnology that are based on active agents isolated from plant extracts as well as essential oils derived from certain plants [166] .
In general, nanoencapsulated in-built pesticides for crops show increased effectiveness due to enhanced absorption into plants and decreased washing. However, nanoencapsulation techniques can be applied also to develop in-built switches to control the release and subsequent availability of pesticides [167, 168] . Kuzma and VerHage [27] reported about a smart pesticide that releases its active ingredient only when inhaled by insects. Nanoencapsulated essential oil of Carum copticum (L.) Benth. & Hook. f. ex C.B. Clarke showed antifeedant activity on Plutella xylostella larvae, whereas a significant decrease of digestibility was observed in 72 h after feeding [169] . Carum copticum essential oil-loaded myristic acid-chitosan nanogels proved ca. 9-and 4-fold higher toxicity than the oil alone against Sitophilus granarius and Tribolium confusum Jacquelin du Val., respectively. Moreover oil-loaded nanogels lost the insecticidal effectiveness after 21 days of post-application for S. granarius and 33 days in the case of T. confusum, while the efficacy of oil alone decreased in the early days of application [170] . Evaluation of residual insecticidal activity of PEG NPs containing essential oils from geranium and bergamot against Blatella germanica for 1 year showed that the NPs' size increased during the storage time from 235 to 450 nm and the essential oils content decreased approximately by 50%; however, the essential oil NPs produced a notable increase in the residual contact toxicity apparently because of the slow and persistent release of the active terpenes [171] . Further PEG NPs loaded with garlic essential oil showed the control efficacy against adult Tribolium castaneum over 80% after five months, while the control efficacy of free garlic essential oil at the similar concentration (640 mg/kg) was only 11% [172] .
In the formulations of α-pinene and linalool (terpenes prohibiting feeding in several lepidopterous insects) with SiO 2 NPs enhanced antifeedant potential of the individual terpenes against tobacco cutworm (Spodoptera litura) and castor semilooper (Achaea janata) and longer shelf life for the terpenes were observed, whereby biological activity against S. litura increased up to 25-fold [173] .
The larvicidal activity of the formulation of water dispersible amorphous permethrin NPs with the mean particle size of 151 nm against Culex quinquefasciatus was higher (LC 50 [175] . Moreover, nanopermethrin was not toxic to non-target organisms (eg, E. coli (ATCC 13534 and 25922), B. subtilis, L. esculentum, Cucumis sativus and Z. mays), and in the A. cepa test no significant differences in mitotic index and chromosomal aberration were observed in 0.13 mg/dm 3 nanopermethrin exposure as compared to the control. Controlled-release formulations of etofenprox or alpha-cypermethrin were prepared by a coating process, in which the basic liposomes of etofenprox or alpha-cypermethrin were coated with chitosan [176] . In these formulations with increasing intrinsic surface charge or concentration of the coating material in chitosancoated nanoliposomes the sustainable release period of the entrapped core material (etofenprox and alpha-cypermethrin) was prolonged due to thicker coating layer of the resulting sample. The insecticidal efficacy of liposome-based formulations was described also by Hwang et al [82] and Kang et al [177] .
NPs loaded with neem (Azadirachta indica) extracts formulated as colloidal suspension and (spray-dried) powder showed 100% larval mortality against P. xylostella [178] . A nanogel prepared from the pheromone methyl eugenol using a low-molecular mass gelator was found to be suitable for an effective management of Bactrocera dorsalis [179] .
The formulation obtained by direct encapsulation of imidacloprid NPs to linear-dendritic ABA triblock copolymer (A block = poly(citric acid) (PCA); B-block = PEG) showed improved insecticidal efficiency of the pesticide, enabled reduction of the dosage and the frequency of the pesticide use and increased the length of effectiveness [180] . Significant reduction of the essential dosage of the pesticide for pest control was obtained by encapsulation of indoxacarb to above-mentioned linear-dendritic ABA type copolymer with TiO 2 NPs [181] . In the formulation of encapsulated imidacloprid microcrystals with natural chitosan and sodium alginate through layer-by-layer self-assembly the release of imidacloprid NPs was found to be effectively controlled by varying the number of self-assembled chitosan/alginate layers [182] .
The nanocapsules can be designed to release active ingredient in specific environmental conditions or physiological environments, eg the stomach of an insect. These smart pesticides could provide more precise, controlled and effective use of pesticides and therefore potentially reduce the overall quantities of pesticide used [183] . For example, pyridalyl nanosuspension prepared using sodium alginate was 2-and 6-fold more effective as stomach poison against Helicoverpa armigera than the technical product and the commercial formulation, respectively [184] .
The release profiles of methomyl from methomyl-loaded shell cross-linked nanocapsules prepared by mixing azidobenzaldehyde and an aqueous solution of carboxymethyl chitosan nanocapsules in an aqueous solution at pH 6.0 were shown to be diffusion controlled, and the insecticidal activity of methomyl-loaded nanocapsules against the armyworm larvae was significantly superior to the original insecticide, and the relative control efficacy still maintained 100% over 7 days [185] .
Controlled-release formulations based on PEGs-amphiphilic copolymers were prepared with thiamethoxam [186] , thiram [187] , carbofuran [188] , β-cyfluthrin [189] and imidacloprid [190] . In these formulations the release rates increase with increasing PEG molecular weight. In PEGylated acephate NPs the active pesticidal component was found to be successfully incorporated in nanocapsules, retained greater functional integrity over time and was significantly more efficacious than the regular acephate. This indicates that these nanocapsules could be used as biologically safe alternative to neurotoxic pesticides [191] .
Water-dispersive nanoformulations of the poor water-soluble insect repellent diethylphenyl acetamide (DEPA) containing core-shell polymeric PEG nanomicelles (with diameter 154 nm) were prepared by Balaji et al [192] as an alternate in controlling the expansion of the Japanese encephalitis vector Culex tritaeniorhynchus. This nano-DEPA showed 8-fold lower median lethal concentration (48 h) for C. tritaeniorhynchus 3rd instar larvae (0.052 mg/dm 3 ) than bulk DEPA (0.416 mg/dm 3 ). Chitosan-coated nanoformulations of pyrifluquinazon were found to modify behaviour by rapid feeding cessation, so that insects (eg, green peach aphid, Myzus persicae) starve to death [177] . Further NPs composed of a chitosan nanocarrier and a metabolite from entomopathogenic fungi Nomuraea riley showed higher pesticidal activity against the pest S. litura than the corresponding uncoated fungal metabolite and fungal spores [193] .
Also some nanosized inorganic materials showed insecticide activity as was mentioned above. For example, insecticidal effect of nano-Al 2 O 3 dusts against two insect pests of stored grain, Sitophilus oryzae and Rhyzopertha dominica, was reported by Stadler et al [194] and Buteler et al [195] . Insecticide efficacy depended on particle size, particle morphology and surface area of NPs [195] . Spherical zero valent iron NPs (< 100 nm) showed larvicidal activity against malarial and filarial vectors and were found to be suitable for control of C. quinquefasciatus and Anopheles subpictus [196] . The larvicidal activities of spherical and oval CoNPs of 84.81 nm synthesized using Bacillus thuringiensis against the malaria vector A. subpictus and the dengue vector A. aegypti was reported by Marimuthu et al [197] .
TiO 2 NPs has been shown to attenuate damages in Bombyx mori caused by exposure to phoxim, a powerful organophosphorus pesticide, with high potential for B. mori larvae of silkworm [198] . Pre-treatment by TiO 2 NPs increased antioxidant capacity and acetylcholinesterase (AChE) activity in intoxicated silkworm and improved B. mori larval survival under phoxim-induced toxicity [199] . TiO 2 NPs pre-treatment also reduced the phoxim-induced brain damage of the 5th larval instar of B. mori; under phoxim exposure they relieved severe brain damage and oxidative stress in the brain and inhibited the down-regulated expression of H + -transporting ATP synthase and vacuolar ATP synthase that are involved in ion transport and energy metabolism [200] . Moreover, TiO 2 NPs significantly decreased reduction of protein, glucose and pyruvate contents, lactate dehydrogenase, succinate dehydrogenase and malate dehydrogenase activities and attenuated increases of free amino acids, urea, uric acid and lactate levels, activities of protease, alanine aminotransferase and aspartate aminotransferase in the hemolymph of silkworms caused by phoxim exposure [201] . Consequently, added TiO 2 NPs may relieve toxic impacts of phoxim insecticide on silkworm metabolism, which in turn may result in an increase in silk yield. The antiparasitic activities of TiO 2 NPs synthesized by utilizing leaf aqueous extract of Catharanthus roseus against the adults of hematophagous fly, Hippobosca maculata Leach and sheep-biting louse, Bovicola ovis Schrank were evaluated by Velayutham et al [202] . The maximum activity of synthesized TiO 2 NPs was observed against H. maculata and B. ovis with LD 50 values of 7.09 and 6.56 mg/dm 3 , respectively, indicating that the use of TiO 2 NPs can be considered as an innovative alternative approach to control the hematophagous fly and sheep-biting louse. Moreover, Marimuthu et al [203] reported excellent anti-lousicidal activity of AgNPs against sheep body louse, B. ovis Schrank and human head louse, Pediculus humanus capitis De Geer. Good antiparasitic activity against the larvae of A. subpictus, C. quinquefasciatus, and Rhipicephalus microplus of AgNPs with LC 50 values of 13.90, 11.73, and 8.98 mg/dm 3 was also previously described by Marimuthu et al [204] .
Kirthi et al [205] determined the antiparasitic efficacies of ZnO NPs against the larvae of cattle tick, head louse, larvae of malaria vector and filariasis vector. The LC 50 , respectively, were found to be a valuable tool in pest management programs of the oleander aphid, Aphis nerii Boyer de Fonscolombe, one of the common pests of ornamental plants, which is responsible for the mortality of a large number of oleander (Nerium oleander) shrubs each year [206] .
AgNPs showing effective larvicidal and pupicidal activity can be used as an ideal ecofriendly and inexpensive approach for the control of dengue vector A. aegypti [207] [208] [209] .
Surface modified hydrophobic SiO 2 NPs has been successfully used to control a range of agricultural insect pests [210, 211] . Application of hydrophobic SiO 2 NPs at 112.5 ppm was found to be effective against mosquito species that transmit human diseases, namely malaria (Anopheles), yellow fever, chikungunya and dengue (Aedes), lymphatic filariasis and encephalitis (Culex and Aedes). The larvicidal effect of hydrophobic nanosilica on mosquito species tested was in the order of Anopheles stephensi > A. aegypti > C. quinquefasciatus, and the pupicidal effect was in the order of A. stephensi > C. quinquefasciatus > A. aegypti [212] .
Spherical, monodisperse SiO 2 -based NPs synthesized from silicon alkoxide and functionalized in situ with 3-mercaptopropyltriethoxysilane and hexamethyldisilazane could effectively kill the second instar larvae of S. litura, a polyphagous insect pest that causes huge damage to a number of crops [213] .
SiO 2 NPs as well as diatomaceous earths are considered as excellent nanocarrier [214] [215] [216] . The insecticidal effect of fipronil encapsulated SiO 2 NPs against economically important subterranean termites can be controlled by tuning the SiO 2 shell thickness [217] . SiO 2 NPs microcapsules cross-linked with alginate were found to protect prochloraz effectively against degradation under UV irradiation and alkaline conditions and exhibited sustainable release for at least 60 days [218] . Avermectin encapsulated with porous hollow SiO 2 NPs was protected from UV degradation and allowed its slow release reaching for about 30 days [219] .
SiO 2 NPs could be successfully utilized to manage a variety of ectoparasites of animals and agricultural insect pests [220] . Moreover, amorphous SiO 2 NPs alone were found to be a potent and safe pesticide against two stored grain pests S. oryzae and T. castaneum and two field pests Lipaphis pseudobrassicae and S. litura [211] , because SiO 2 NPs can absorb into the cuticular layer of insect pests that otherwise acts as a barrier for protection of insect pests against pesticides [210] . Also amorphous SiO 2 NPs were highly effective against S. oryzae, causing more than 90% mortality [222] . Mesoporous SiO 2 NPs with a size of 20 nm and with interconnected pores with an approximate diameter of 3 nm did not have adverse effect on seed germination [185] , indicating that SiO 2 -based NPs in any formulation could be applied as a safe pest control agent.
Nanofertilizers and plant growth stimulating nanoparticles
Fertilizers play a pivotal role in increasing the agricultural production up to 35-40%. According to Mikkelsen [223] proper nutrient management should include the "Four R's" of fertilizer use: apply the right nutrient, at the right rate, at the right time, and in the right place for the selected crop. In recent years controlled-release fertilizers (CRFs) and slow-release fertilizers (SRFs) become more and more popular, because CRFs contain a plant nutrient in the form the plant cannot immediately absorb; the uptake is delayed after application, so that CRFs provide the plant with available nutrients for a longer time compared to quick-release fertilizers. According to Shaviv [224] , the term CRFs became acceptable, when applied to fertilizers, in which the factors dominating the rate, pattern and duration of release are well known and controllable during CRF preparation. The rate, pattern, and duration of plant nutrient release in CRFs is usually ensured by coating or encapsulation of active ingredient, and the release of nutrient is controlled with semi-permeable coatings, occlusion, protein materials or other chemical forms, by slow hydrolysis of water-soluble, low-molecular-weight compounds or by other unknown means [225] . The release rate of CRFs is designed in a pattern synchronized to meet changing crop nutrient requirements. According to Trenkel [226] , CRFs must meet the following three criteria: (i) less than 15% of the CRF nutrients should be released in 24 h; (ii) less than 75% should be released in 28 days, and (iii) at least 75% should be released by the stated release time (40-360 days) .
In nanoferilizers the nutrients are delivered to crops within NPs, whereby nutrients can be encapsulated inside nanomaterials, coated with thin protective polymer film and delivered as particles or emulsions of nanoscale dimensions [227] . Application of nanofertilizers can reduce nitrogen loss due to leaching, emissions and long-term assimilation by soil microorganisms [228] . The ability of some NPs to penetrate seeds [229] or enter the root tissue [230] indicate the possibility to develop new nutrient delivery systems that exploit the nanoscale porous domains on plant surfaces and show sustained release of nutrients on demand, while preventing them from premature converting into chemical/gaseous forms that cannot be absorbed by plants [227] .
As mentioned above, nanofertilizers can increase the efficacy of fertilizers, because they allow to reduce the dosage and ensure controlled slow delivery of nutrients or plant growth stimulators to plants. Corradini et al [231] used chitosan NPs in formulations of NPK CRFs using urea, calcium dihydrogen phosphate and potassium chloride as NPK fertilizer sources. Chitosan NPs were obtained by polymerizing methacrylic acid (PMAA) for the incorporation of NPK fertilizers, and the existence of electrostatic interactions between chitosan NPs and the elements N, P and K was confirmed by FTIR. The mean diameter increase of the NPs in suspension with the addition of different compounds indicated that the elements are being aggregated on the surface of the chitosan NPs. Similar results were obtained also by Hasaneen et al [232] , who prepared chitosan NPs of the mean diameter 20 nm for loading NPK fertilizers and confirmed that the stability of the colloidal chitosan nanosuspension was higher with the addition of nitrogen and potassium than with the addition of phosphorus due to the higher anion charge from the calcium phosphate than the anion charges from the potassium chloride and urea.
The application of hydroxyapatite NPs having spherical shape and diameters ca. 16 nm increased the growth rate and the seed yield of soybean (Glycine max) by 33% and 20%, respectively, compared to those of soybean plants treated with a regular P fertilizer (calcium dihydrogen phosphate), and biomass productions were enhanced by 18% (above-ground) and 41% (underground) indicating that synthetic apatite NPs could hypothetically supply sufficient P nutrients to crops [233] .
Interactive surfaces of nanoclay materials are also suitable for encapsulating agrochemicals such as fertilizers, plant growth promoters and pesticides [234] . For example, kaolin clay-based nanolayers were used as cementing and coating material for CRFs [235] . Sarkar et al [236] evaluated the effectiveness of fertilizer loaded nanoclay/superabsorbent polymer composites as a slow release carrier of nutrients. Three types of these composites synthesized from kaolinite, illite and smectite dominated nanoclays were loaded separately with diammonium phosphate and urea, and it was found that cumulative P and total mineral N recovery significantly increased at application of these composites as compared to the conventional fertilizer, and nutrient losses (P fixation and N volatilization) under composite treated soils were reduced due to their slow-release property, which resulted in higher recovery.
Foliar application of nano-potassium and nano-calcium chelated fertilizers on Ocimum basilicum plants resulted in enhanced harvest index, grain yield, biological yield, calcium percentage, potassium percentage and chlorophyll content in basil in comparison with the control [237] . The utilization rate of nitrogen fertilizer was found to increase after combined application of nano-carbon, which can save N fertilizer in production practice, where such combined treatment was found to be suitable for application and dissemination in soda saline-alkali soil in agriculture [238] . Calcium phosphate nanogel fertilizer composites expressed a significant positive influence on the yield of Abelmoschus esculentus. After application of the phosphate nanogel stimulation of germination (from 87% in control to 95%) and an increase of amylase (from 2.31·10 -2 units/mg in control to 5.74·10 -2 units/mg) and protease activity (from 2.56·10 -1 units/mg in control to 5.87·10 -1 units/mg) was observed, and the fruit weight of 59 g in the control was increased to 65 g after phosphate nanogel treatment [239] . These phosphate nanogel fertilizer composites were found to increase the germination also in Oryza sativa, Arachis hypogea and Amaranthus spinosus plants [240] .
Kottega et al [241] encapsulated under pressure the urea-modified hydroxyapatite NPs into cavities of the soft wood of Gliricidia sepium and this nanofertilizer showed an initial burst and a subsequent slow release even on day 60 compared to the commercial fertilizer that released heavily early followed by the release of low and non-uniform quantities until around day 30. Core-shell fibres with polyhydroxybutyrate as the shell and polylactic acid mixed with fertilizer as the core were prepared by coaxial electrospinning by Kampeerapappun et al [242] . At a fixed flow rate of shell solution, the core-shell electrospun fibre mats exhibited a lower flow rate of core solution, causing a lower release rate of the fertilizer. These core-shell structures are suitable to control the manner and timing of fertilizer delivery, and an electrospun mat can release fertilizer for 1 month without degradation. Moreover, both used polymers are biodegradable matrices so that they become environmentally friendly. The seed germination in the presence of CuNPs showed an increase in shoot to root ratio compared to control plants [243] .
Treatment of ZnO NPs with the mean particle size of 25 nm at 1000 ppm concentration was found to promote both peanut seed germination and seedling vigour and in turn showed early establishment in soil manifested by early flowering and higher leaf chlorophyll content; the particles effectively increased stem and root growth of peatnut plants, and pod yield per plant was by about 34% higher compared to chelated bulk zinc sulfate [244] .
Application of the combined foliar spray of ZnO nanofertilizer (size ca. 13 nm) with pre-sowing He-Ne laser irradiation to sweet basil plants showed higher effectiveness than ZnO nanofertilizer alone, and 20 mg/dm 3 concentration gave the highest results of all measured traits (sweet basil yield, total chlorophyll, total carbohydrate, essential oil levels, Zn content, plant height, branches/plant and fresh weight), indicating the usefulness and effectiveness of ZnO nanofertilizer and laser irradiation treatment to enhance the growth and yield of sweet basil plants [245] .
A significant improvement in shoot length (15%), root length (4%), root area (24%), chlorophyll content (24%), total soluble leaf protein (39%), plant dry biomass (13%) and enzyme activities of acid phosphatase (77%), alkaline phosphatase (62%), phytase (322%), and dehydrogenase (21%) were observed in 6 weeks old pearl millet (Pennisetum americanum L.) cv. HHB 67 plants as compared to the control after application of ZnNPs with the size ranging from 15 to 25 nm, and the grain yield at crop maturity was improved by 37% due to application of Zn nanofertilizer [246] . The better growth of plants in response to ZnO NPs was also reported by Pandey et al [247] .
Yuvaraj and Subramanian [248] used encapsulation of zinc sulfate into nanosized manganese hollow core shell, and Zn-fortified core shell released Zn for more than 696 h, while Zn release ceased after 408 h in zinc sulfate-fertilized soil. Moreover, the encapsulation of Zn using a manganese hollow core shell improved Zn use efficiency by rice, while reducing the loss of nutrients and minimizing environmental pollution. Hussein et al [249] used Zn-Al layered double-hydroxide nanocomposites for the controlled release of 2,4-dichlorophenoxyacetate that regulate plant growth, and improved yields have been reported by Yavitz [250] for fertilizers that are incorporated into cochleate nanotubes (rolled-up lipid bilayer sheets). In the last case, the plant growth regulators are encapsulated into a cochleate membrane protein containing a phospholipid vesicle with a large internal space, which holds the active ingredients, and these loaded cochleates of nanomolecular size could be absorbed into the foliage of plants and can pass through stomata. The application of cochleates over the leaves of plants is suitable for direct delivery of fertilizers or other active ingredients to active cells of the plant, where the cochleates fuse with cell membranes inside the leaves to deliver the active ingredient directly into the cytoplasm of the plant cells.
Fernando et al [251] studied release rates of phosphate through the coating from calcium phosphate fertilizer pellets coated with mixtures of wax and nano-CaO and found that the increasing content of nano-calcium carbonate in the wax coating layer and decreasing pH increased the nutrient transfer rate to the surrounding. Over 20 years ago, Allen et al [252] reported that slow-release fertilization using NH 4 -and K-saturated clinoptilolite/phosphate rock media might provide adequate levels of N, P and K to support plant growth. The clinoptilolite was found to have high potential as a vehicle for nitrogen fertilizers because it can decrease negative impacts on the environment and increase fertilizer efficiency. Application of clinoptilolite-NH 4 resulted in a considerable increase of Lolium multiflorum yield and enhanced nitrogen uptake efficiency, possibly due to its ability to retain and slowly liberate NH 4 ions [253] . Also surfactant-modified zeolite was found to be a good sorbent for nitrate [254] as well as for phosphate [255] , providing slow release of nitrate or phosphorus.
Recently Canadian researchers focused their attention on creation of intelligent nanofertilizers in which an extremely thin layer of polymer would be placed over the fertilizer granules using nanotechnology. This polymer would contain extremely tiny biological sensors that would be able to detect "signals" sent naturally by plant roots, which would essentially tell the polymer when to dissolve and release the nutrients into the soil. If the nutrients are not needed, the fertilizer would stay in the ground and literally wait until they are [256] .
Among all the micronutrients, iron, the catalytic component of many oxidization and redox enzymes indispensable for chlorophyll synthesis, has the largest amount in plants. Iron chelate nano-fertilizers represent a rich and decisive source of bivalent iron for plant because of their high stability and slow release of iron in a broad pH range (3-11) and ensure increasing ratio of ferrous to ferric ions in chelate surface, which results in increasing synthesis of chlorophyll in plant [257, 258] .
The treatment of Catharanthus roseus plant for 70 days with Fe 3 O 4 NPs resulted in significant increase of the leaf growth parameters and carbohydrate contents in comparison with control plants, but no effects on the amount of proline, antioxidants and the stomatal density of leaf were observed [259] . The effect of two iron fertilizers (nano-chelated and ordinary chelated) applied at three concentrations of the fertilizer (such as 0, 5 and 10 kg/ha) on yield of saffron was evaluated by Baghai and Sayide [260] , and it was found that the application of 5 kg nano-chelated iron fertilizer and 10 kg ordinary chelated fertilizer had the same stimulating effects on most characteristics (increased dried stigma yield, fresh weight of flower, number of flower, number of leaves, length of leaves, main corm diameter and corm total weight), indicating that nano-chelated iron fertilizer is more efficient than the common chelate. The importance of nanofertilizers for improving saffron yield was reported also by Amirnia et al [261] . Fe 3 O 4 NPs (13 nm) applied to basil plants significantly enhanced total chlorophyll, total carbohydrate, essential oil levels, iron content, plant height, branches/plant, leaves/plant, fresh weight and dry weight, and foliar spray treatment was found to be more effective than soil addition of nanofertilizer [262] . Fe 3 O 4 NPs applied at the concentration of 0.75 g/dm 3 in the form of spray on soybean plants increased leaf and pod dry weight, and application of 0.5 g/dm 3 Fe 3 O 4 NPs resulted in the highest grain yield, showing 48% increase in comparison with the control [263] . Fe 3 O 4 NPs were also found to facilitate the photosynthate and iron transfer to the leaves of peanut [264] . Application of ferrofluid concentrations (0.01-0.05 cm 3 /dm 3 ) containing magnetic NPs coated with tetramethylammonium hydroxide on Z. mays plants in early ontogenetic stages induced plant length stimulation, the increase of chlorophyll a (up to 13%) as well as the nucleic acid level (up to 10%) in maize plantlets during their first days of life [265] . According to Gonzalez-Melendi et al [266] , the biocompatible magnetic fluids can be uptaken into whole living plants and further can move inside using the vascular system being concentrated in specific areas by application of magnetic gradients. The liquid fertilizers Nanonat and Ferbanat prepared by nanotechnology were found to improve the plant growth and yield of cucumber (Cucumis sativus L.) [267] . Foliar application of iron nano-chelate on whet cultivars resulted in significant positive effect on spike number, grain per spike, 1000 grain weight, biological yield and harvest index [268] .
Beside the above-mentioned nanofertilizers that supply essential nutrients to plants, also some other NPs, eg TiO 2 NPs, Al 2 O 3 NPs or single-walled or multiwall carbon nanotubes were found to have beneficial effect on plant growth [269] [270] [271] . Although titanium does not belong to essential plant nutrients, application of TiO 2 NPs was found to improve plant-photosynthesis efficacy, increase plant-enzyme activity and provide plants with more N nutrient by chemical fixation of N 2 in the air, thereby enhancing plant growth [272] [273] [274] [275] . A significant increase in RuBisCo (ribulose-1,5-bisphosphate carboxylase/oxygenase) activity (by up to 2.33-fold in comparison to the control) in the nano-anatase-TiO 2 -treated spinach was recorded, while treatment with bulk TiO 2 had no such notable effect. [276] . Addition of 0.25% TiO 2 (rutile) NPs caused stimulation of photosynthetic electron transport resulting in increased oxygen evolution rate in spinach chloroplasts, and enhanced activities of Mg 2+ -ATPase and chloroplast coupling factor I CF1-ATPase on the thylakoid membranes were observed [277] . Application of a mixture of SiO 2 and TiO 2 NPs at low concentrations increased the activity of nitrate reductase in the rhizosphere of soybean, resulting in accelerated soybean germination and growth [278] .
Al 2 O 3 NPs were found to increase the quantum yield of photosystem II, but not the maximal quantum yield of photosystem II (Fv/Fm), perhaps suggesting that the site of action of these NPs is not directly in PS II [279] . Al 2 O 3 NPs were found to enhance root elongation growth of radish and rape [280] , and treatment with Al 2 O 3 NPs enhanced root elongation of Arabidopsis thaliana [281] , which was connected by the researchers with the fact that inert Al 2 O 3 NPs could have similar functions as nanosized perlite (an amorphous volcanic glass) that enhances gas transfer, prevents water loss and hinders soil compaction. The application of Al 2 O 3 NPs with the average nominal size of 20 nm led also to substantial increase of Lemna minor biomass, increased root length and number of fronds per colony as well as to increased photosynthetic efficiency [282] .
In several papers positive effects of single-walled (SWCNTs) and multiwall carbon nanotubes (MWCNTs) on seed germination and plant growth were reported. For example, treatment with MWCNTs (2 g/dm 3 ) caused a statistically significant increase in the 5-day root elongation of germinated seeds of ryegrass [280] , and application of SWCNTs at 0.16, 0.9, and 5 g/dm 3 stimulated root growth of germinated onion and cucumber seeds [283] . The SWCNTs were found to activate seed germination of corn, rice, switchgrass and tomato and enhanced growth of different organs of corn, tomato, rice and soybean [270] . They also accelerated maize seminal root growth but displayed little effect on the primary root growth and inhibited root hair growth; however, SWCNTs-treatment dynamically and selectively induced the up-regulation of epigenetic modification enzyme genes, leading to global deacetylation of histone H3, similar to the response of plants to other stress [284] . The MWCNTs enhanced the growth of tobacco cell culture (55-64% increase as compared to the control) in a wide range of concentrations (5-500 mg/dm 3 ), and correlation between the activation of cells growth exposed to MWCNTs and the up-regulation of genes involved in cell division/cell wall formation and water transport was found [271] . MWCNTs formed under mechanical activation of amorphous carbon stimulated the growth of vegetable crops such as pepper and tomato [285] . Root elongation due to MWCNTs exposure was enhanced also in alfalfa and wheat seedlings, and it was found that carbon nanotubes were adsorbed onto the root surfaces of both plants without significant uptake or translocation [286] . On the other hand, MWCNTs were found to be able to penetrate into roots and accumulate there as well as to be transported into leaves of Onobrychis arenaria seedlings [287] . Khodakovskaya et al [229] also reported about the ability of carbon nanotubes to penetrate through the thick seed coat and support water uptake inside seeds, a process that can positively affect seed germination and growth of tomato seedlings. Oxidized MWCNTs significantly promoted cell elongation in the root system of wheat (Triticum aestivum) and increased the dehydrogenase activity, resulting in faster root growth and higher biomass production [288] . A pronounced increase in the rate of germination was observed by Nair et al [289] for rice seeds in the presence of some of these carbon nanotubes, where seeds showed increased water content compared to controls. The treatment of Brassica juncea seeds with oxidized MWCNTs increased moisture content of seeds and enhanced water absorption machinery of root tissues resulting in beneficial effect on the growth of mustard plants [290] . Similar results concerning the growth rate were obtained after application of water soluble carbon nanotubes with common gram (Cicer arietinum) plants [291] . It is important to note that carbon nanotubes demonstrate one of the highest rates of penetration to cells and therefore are one of the most toxic nanoparticle shapes with huge health-threatening potential [7, [11] [12] [13] .
DNA and gene delivery using nanoparticles
The ability to incorporate genetic materials such as plasmid DNA, RNA, and siRNA into functionalized NPs with little toxicity demonstrates a new era in delivering genes selectively to tissues and cells [292] . Nanoparticle-mediated DNA delivery involves coating DNA molecules onto the NPs and delivery them directly into plant cells either by direct incubation for certain period for the uptake of NPs or by using apparatus like particle bombardment device or even directly injecting nanoparticle fluids into intact plant cells. After entering into the plant cells, DNA molecules will be released by NPs and integrate into the host genome [266, 293] . Torney et al [293] showed that a honeycomb mesoporous SiO 2 -based NPs with 3 nm pores can transport DNA and chemicals into isolated plant cells and intact leaves. They loaded the mesoporous SiO 2 -based NPs with the gene and its chemical inducer and capped the ends with AuNPs to keep the molecules from leaching out. Uncapping the AuNPs resulted in the release of chemicals and triggered gene expression in the plants under controlled-release conditions. Direct protein delivery to plant cells using mesoporous SiO 2 NPs as carriers to deliver Cre recombinase protein into maize (Z. mays) cells was performed by Martin-Ortigosa et al [294] . In their experiments Cre protein was loaded inside the pores of Au-plated mesoporous SiO 2 -based NPs, and these particles were delivered by the biolistic (biological ballistics) method to plant cells harboring loxP sites flanking a selection gene and a reporter gene. In an another paper Martin-Ortigosa et al [295] reported that the biolistic delivery of mesoporous SiO 2 -based nanomaterials can be improved by increasing the density of mesoporous SiO 2 -based NP through Au plating, and enhancement of the NP-mediated DNA delivery can be obtained using DNA-coating protocol based on calcium chloride and spermidine for mesoporous SiO 2 NPs and Au nanorods. Nanosized poly(amidoamine) dendrimer was used for direct and non-invasive delivery of green fluorescent protein-encoding plasmid DNA to turfgrass cells by Pasupathy et al [296] . Kogure [297] reported about development of a novel artificial gene delivery system -multifunctional envelope-type nano device for gene therapy. In this non-viral system for the delivery of plasmid DNA, oligodeoxynucleotide and siRNA using octaarginine (R8) as an internalizing ligand were applied. Silva et al [298] employed fluorescent conjugated polymer NPs to deliver siRNAs and knockdown a target gene in plant protoplasts and demonstrated that these NPs can deliver siRNAs targeting specific genes in the cellulose biosynthesis pathway. Naqui et al [299] reported about calcium phosphate (CaP) NPs mediated genetic transformation in plants. According to the researchers, the ultra-small sized (20-50 nm diameter) CaP NPs could be used as a better transforming vector in plants as compared to the Agrobacterium tumefaciens mediated genetic transformation technique, and it can be assumed that the plasmid DNA released from CaP NPs in the cell are able to enter into the nucleus. DNA was found to be highly protected in the cell from cellular nucleases when it was encapsulated into the CaP NPs, and the transformation efficiency was found to be about 80.7% compared to 54.4% by A. tumefaciens and only 8% using naked DNA. Also mechanically and chemically stable detonation nanodiamonds can be used as DNA carriers for biolistic transformation of cells and in delivery of biologically active molecules [300] .
Sone et al [301] produced micrometer-sized calcium alginate beads referred to as "bio-beads" that encapsulate plasmid DNA molecules carrying a reporter gene. They transfected protoplasts isolated from cultured tobacco cells (BY-2) with bio-beads containing a plasmid that carried the modified green fluorescent protein (GFP) gene CaMV35S-sGFP, and with this bio-beads treatment, approximately ten-fold higher GFP expression was observed after 24 h incubation compared to that with the conventional method using a naked plasmid solution.
Ziemienowicz et al [302] developed a method of transgene delivery into monocots that relies on the use of an in vitro-prepared nanocomplex consisting of transferred DNA, virulence protein D2, and recombination protein A delivered to triticale microspores with the help of a Tat2 cell-penetrating peptide. This approach allowed for single transgene copy integration events and prevented degradation of delivered DNA, thus leading to the integration of intact copies of the transgene into the genome of triticale plants. Transgene expression occurred in all transgenic plants regenerated from microspores transfected with the full transferred DNA/protein complex indicating that this nanocomplex approach provides new information about the role of the single-stranded DNA binding proteins in transferred DNA delivery into the plant cell genome. The researchers also stated that nanocomplex approach can easily substitute the bombardment technique currently used for monocots and will be highly valuable for plant biology and biotechnology.
Biosensors
Biosensors are compact analytical devices incorporating a biological or biologically derived sensing element either associated or integrated within a physicochemical transducer designed to produce either a discrete or continuous digital electronic signal that is proportional to a single analyte or a related group of analytes present in a sample [303] . Due to the high selectivity of biosensors they have found wide application in medicine, industry, environmental analysis, food technology and military [304] . In some biosensors NPs are used. The presence of NPs in biosensors is expected to improve the overall efficiency of the sensors possibly due to the increased surface for reaction [305] . Zhao et al [306] showed that by bioconjugated dye doped SiO 2 NPs used for detection of E.coli 1,000-fold more effective signal amplification could be obtained than with organic dye, which is connected with the fact that each SiO 2 NP can encapsulate thousands of organic dye molecules and is tagged to bacterium. It is important to note that the rapid and sensitive determination of pathogenic bacteria is extremely important in biotechnology, medical diagnosis and the current fight against bioterrorism. Nanosensors are also being developed to provide real-time monitoring of farm nutrients, pH and moisture levels as well as pests and pathogens. In some cases these could be linked to nanoseed varieties with in-built pesticides that are released by remote computers linked to a GPS system. These nanosensors may be scattered widely over farming landscapes causing a new form of "nanopollution" [184] . Recent advances in the fabrication of different types of biosensors that have been designed for the measurement of various components in the horticultural samples were comprehensively reviewed by Rana et al [307] .
Carbon nanotubes (CNTs) have been extensively used for the development of biosensors as electronic bridges and signal amplifiers due to their superior electrical conductivity, high electro-chemical catalytic activity, biocompatibility and non-toxicity [308] . Yu et al [309] applied surface functionalized CNTs tailored with amino groups to control the efficient immobilization of AChE onto the surface of glassy carbon electrode and construct a highly sensitive organophosphorus pesticide biosensor. These electrodes have been successfully employed for the direct analysis of vegetable samples. An AChE biosensor based on the assembly of multiwall carbon nanotubes onto liposome bioreactors was developed by Yan et al [310] for detection of organophosphates pesticides. On the other hand, Dasary et al [311] developed AuNP-based surface enhanced fluorescence spectroscopy for rapid and sensitive screening of organophosphorus agents with high sensitivity (1 µmol/dm 3 ). They used the fact that Eu(III) ions that are bound within the electromagnetic field of AuNPs exhibit a strong fluorescence enhancement but in the presence of organophosphates Eu(III) ions are released from the AuNP surface, since the binding constant of Eu(III) ion with organophosphates is much higher than that of Eu(III) ion with AuNPs, which results in very distinct fluorescence signal change. A highly sensitive AChE biosensor modified with hollow Au nanospheres with the detection limits 0.06 µg/dm 3 for chlorpyrifos and 0.08 µg/dm 3 for carbofuran was designed by Sun et al [312] . Zn-Se quantum dot immobilized AChE was used for the determination of organophosphate pesticides using graphene-chitosan nanocomposite modified electrode. Organophosphate pesticides were detected with this biosensor using methyl parathion as a model enzyme inhibitor, detection limit of which was 0.2 nmol/dm 3 [313] . ZrO 2 /Au nano-composite films were prepared by Wang and Li [314] and applied for voltammetric detection of organophosphate pesticide parathion. The ZrO 2 NPs showed a strong affinity toward the phosphate group on parathion molecules, which provides sensitivity and selectivity of the sensing film with the detection limit of 3 µg/dm 3 for standard samples. An electrochemical biosensor for determination of pesticides methylparathion and chlorpyrifos based on AChE immobilized on polyaniline deposited on vertically assembled carbon nanotubes wrapped with ssDNA was prepared by Viswanathan et al [315] . The pesticides were determined through inhibition of enzyme reaction AChE-acetylcholine that causes small changes of local pH in the vicinity of an electrode surface and the detection limit of the biosensor for both pesticides was found to be 1·10 -12 mol/dm 3 . Quantum dots are preferred as high-resolution biological fluorescent probes because of their inherent optical properties compared with organic dyes. Chouhan et al [316] used this intrinsic property of quantum dots for sensitive detection of methylparathion at picogramme levels. Ge et al [317] developed the water-soluble CdTe quantum dots, and highly fluorescent silica molecularly imprinted nanospheres embedded CdTe quantum dots that can be used as a biosensor for determination of deltmethrin in fruit and vegetable samples.
Gold immunochromatographic assay for simultaneous detection of carbofuran and triazophos in water samples, which can be used for rapid identification and quantification of pesticide multiresidues in food and environmental samples, was developed by Guo et al [318] .
Aptamers are single-stranded nucleic acids, which can fold into well-defined three-dimensional structures to form binding pockets and clefts for the specific recognition and tight binding of any given molecular target. They have been used to bind from small solutes to peptide to proteins to cells, viruses, or parasites, with high affinity [319] . Weerathunge et al [320] reported about aptamer-controlled reversible inhibition of Au nanozyme activity for acetamiprid sensing. Their approach combined the inherent peroxidase-like nanozyme activity of AuNPs with high affinity and the specificity of acetamiprid-specific S-18 aptamer to detect this neurotoxic pesticide in a highly rapid, specific and sensitive manner and allowed detection of 0.1 ppm acetamiprid within the assay time of 10 min. AuNPs decorated multiwall carbon nanotube-reduced graphene oxide nanoribbon composites used as the support for aptamer immobilization enabled to develop an ultrasensitive label-free electrochemical impedimetric aptasensor for acetamiprid detection, in which the variation of electron transfer resistance was relevant to the formation of acetamiprid-aptamer complex at the modified electrode surface. The proposed aptasensor displayed a linear response for acetamiprid in the range from 5·10 -14 mol/dm 3 to 1·10 -5 mol/dm 3 with an extremely low detection limit of 1.7·10 -14 mol/dm 3 [321] .
Nanotechnologies in food industry
NP delivery systems for nutrients and nutraceuticals with poor water solubility were developed in recent years. An attention was also focused on nanotechnologies utilizable in food products [44] . Future applications of NPs in food can be extended to improve the shelf life, food quality, safety, fortification and biosensors for contaminated or spoiled food or food packaging. For nanomaterials of different types and shapes that are applied in food sector it is essential to understand interaction with the food matrix and also with biological compartment [322] . Some of new applications in food nanotechnology include improved taste, flavour, colour, texture and consistency of foodstuffs, increased absorption and bioavailability of nutraceuticals and health supplements, development of food antimicrobials, new food packaging materials with improved mechanical barrier and antimicrobial properties, nanosensors for traceability and monitoring the condition of food during transport and storage, encapsulation of food components or additives. Smart delivery of nutrients, bioseparation of proteins, rapid sampling of biological and chemical contaminants and nanoencapsulation of nutraceuticals are few more emerging areas of nanotechnology for food industry [31, 32, 323, 324] . A review paper presenting an overview of the current way to assess the safety of NPs and nanotechnology applications in foodstuff was published by Rainieri et al [325] .
Advanced and improved product traceability is essential to ensure food safety by removing all the tainted products in the market and the system during the recall process. Traceability must meet the following five essential technical challenges [326] : (i) have sufficient vocabulary to distinguish all products; (ii) not compromise the products; (iii) have the same service life as the marked products; (iv) be easily readable by machines (speed, reliability, and convenience); (v) should be very inexpensive for food and agricultural products. According to Chen and Yada [327] , nanotechnology-based tracing devices can integrate multiple functional devices that provide other important information such as sensors for detection of the presence of pathogens, spoilage microorganisms, allergens, chemicals and other contaminants in food as well as nutritional information. Moreover, nanoscale tagging devices can be used to record and retrieve information about the product history.
Food enrichment with nutraceuticals is an important goal, but its effectiveness in preventing diseases depends on preserving the functionality and bioavailability of the bioactive nutraceuticals. Incorporation of bioactive compounds such as vitamins, probiotics, bioactive peptides, antioxidants, etc., into food systems provides a simple way to develop novel functional foods that may have physiological benefits or reduce the risks of diseases. As a vital macronutrient in food, proteins possess unique functional properties including their ability to form gels and emulsions, which allow them to be an ideal material for the encapsulation of bioactive compounds [328] . Food proteins represent promising candidates for efficient nutraceutical nanocarriers due to their exceptional characteristics, namely biodegradability, non-antigenicity, high nutritional value, abundant renewable sources and extraordinary binding capacity to various nutraceuticals. Moreover, non-starch polysaccharides possess many favourable characteristics such as stability in the harsh gastric environment, resistance to digestive enzymes and mucoadhesiveness to intestinal mucosal surface [329] . Formation and potential uses of milk proteins as nano delivery vehicles for nutraceuticals was reviewed by El-Salam and El-Shibiny [330] .
β-Lactoglobulin (BLG) is the major component of whey protein and a natural transporter for a number of nutrients. The superior functionality along with marked resistance against peptic digestion enables the preparation of diverse forms of BLG-based encapsulating and delivering vehicles for bioactive compounds, which could be considered as emerging bioavailability enhancers for nutraceuticals [331] . Hosseini et al [332] demonstrated that the nutraceuticals of low solubility in water such as β-carotene, folic acid, curcumin and ergocalciferol (vitamin D2) were successfully entrapped within electrostatically stable nanocomplexes arising from BLG-sodium alginate interactions forming nanoscale green delivery systems for nutraceuticals in liquid foods. The oral bioavailability of flavonoids (quercetin, naringenin and hesperetin) incorporated into edible oil-based lipid nanoformulations was improved [333] . The bioavailability of resveratrol was enhanced, when it was encapsulated in biopolymer NPs consisting of resveratrol bound to caseinate or caseinate-dextran conjugates formed using the Maillard reaction [334] . The bioaccessibility of carotenoids encapsulated in liposomes was decreased in the following order: lutein > β-carotene > lycopene > canthaxanthin and depended strongly on the incorporating ability of carotenoids into a lipid bilayer, loading content and the nature of the system. Lycopene and canthaxanthin exhibited fast and considerable release in the gastrointestinal media, while the release of lutein and β-carotene from liposomes was inhibited in a simulated gastric fluid and slow and sustained in a simulated intestinal fluid [335] . Crosslinked calcium alginate NPs were capable of protecting the entrapped β-carotene from oxidative degradation especially when stored at low temperatures [336] .
To allow the enrichment of clear beverages with naringenin, an important health promoter, Shpigelman et al [337] used native and preheated BLG based nanovehicles enabling solubilization of naringenin up to 3-fold its solubility limit and preventing crystal formation in the aqueous medium. Because the size of formed NPs was ca. 10 nm, ie marginally larger than those of the pure protein (ca. 7 nm), the solution was clear and hence suitable for clear beverages. Levinson et al [338] reported about the potential of soybean β-conglycinin, a globular storage protein, as a nanoencapsulation agent for hydrophobic nutraceuticals for enrichment of food and beverages, including clear ones. Cholecalciferol (vitamin D3) in whey protein isolate NPs was found to be suitable for use in clear or non-clear beverages as enriching agent [339] .
Nanostructured lipid carriers are a potential delivery system for bioactive food molecules, in which partially crystallized lipid particles with mean radius ≤ 100 nm are dispersed in an aqueous phase containing emulsifier(s), which may have some advantages in certain circumstances, when compared with other colloidal carriers. They may increase bioavailability and stability of bioactive compounds and shelf life, consumer acceptability, functionality, nutritional value and safety of food systems and provide controlled release of encapsulated materials [340] .
The reduction of fat consumption calls for enrichment of non-fat foods and beverages with essential oil-soluble nutraceuticals, including omega-3 fatty acids. However, the low water-solubility and sensitivity to oxidation require new ways to solubilize and protect such sensitive compounds without compromising the desired sensory attributes of the enriched product. BLG, the natural molecular nanocarrier for hydrophobic molecules, and its nanocomplexes with pectin can be used as vehicles for omega-3 polyunsaturated fatty acids for enrichment of clear acid drinks [341] . Zimet et al [342] prepared re-assembled casein micelles and casein NPs as nanovehicles for omega-3 polyunsaturated fatty acids such as docosahexaenoic acid (DHA) showing a remarkable protective effect against DHA oxidation and demonstrating good colloidal stability and bioactive conservation throughout shelf life at 4°C. Lipid NPs based on omega-3 fatty acids were also found to be effective carriers for lutein delivery and they showed excellent in vitro antioxidant activity by scavenging up to 98% oxygen free radicals. Moreover, they were able to ensure a better, in vitro sustained release of lutein as compared to conventional nanoemulsions [343] . In the mice fed daily with lycopene nanoliposomes or lycopene-rich oil by gavage liver lycopene content as well as activities of superoxide dismutase, peroxidase and catalase were higher compared to that of lycopene-rich oil treated mice, while malondialdehyde content was significantly decreased indicating that nanoliposomes can robustly increase the antioxidant capability of lycopene in vivo [344] .
NPs synthesized from water-soluble N,N,N-trimethyl chitosan by ionic gelation with tripolyphosphate anions can be successfully used as a stable medium to incorporate and transport vitamins with potential applications in foodstuffs [345] . Microencapsulated (ca. 100 nm) tocopherol (vitamin E) with a food-grade starch produced by ultra-high-pressure homogenization prepared by Chen and Wagner [346] was found to be stable in beverage and did not visibly alter beverage appearance.
Natural food antimicrobials are bioactive compounds that inhibit the growth of microorganisms involved in food spoilage or food-borne illnesses. Nanoencapsulation allows protection of antimicrobial food agents from unfavourable environmental conditions and incompatibilities. Controlled delivery encapsulation of food antimicrobials increasing the concentration of the antimicrobials in specific areas and the improvement of passive cellular absorption mechanisms resulted in higher antimicrobial activity [347] .
The function of packaging is to protect the packed food and to maintain its integrity and quality. The package should hinder gain or loss of moisture, prevent microbial contamination and act as a barrier against transfer of oxygen, carbon dioxide and aromatic compounds. The packaging material itself should not promote deteriorative food quality changes or endanger the health of the consumer of the packed food as a consequence of uncontrolled migration of any chemical substances from packaging into food [348] . Most materials currently used for food packaging are non-degradable, generating environmental problems. Several biopolymers have been exploited to develop materials for eco-friendly food packaging. The use of NPs in food packaging materials may extend food life, may improve food safety, may alert consumers that food is contaminated or spoiled, repair tears in packaging and even may release preservatives to extend the life of the food in the package [349] . Mihindukulasuriya and Lim [350] reviewed current nanocomposite technologies to enhance the mechanical and barrier properties of synthetic polymers and biopolymers for food packaging, the development of intelligent packaging with enhanced communication function focusing mainly on oxygen, humidity and freshness indicators and nanostructured coatings that enhance the barrier properties of packaging films. Intelligent packaging is an emerging technology that uses the communication function of the package to facilitate decision making to achieve the benefits of enhanced food quality and safety [351] .
In most active packaging systems for food applications, the preservative release is uncontrolled and frequently ineffective due to excessive or insufficient preservative concentration in the food matrix at a particular time. The usefulness of pH-and temperature-sensitive poly(N-isopropylacrylamide) nanohydrogels for developing smart delivery systems to release preservatives as a response to environmental triggers was evaluated by Fucinos et al [352] using pimaricin as a model preservative. Natamycin and natamycin-loaded poly(N-isopropylacrylamide) nanohydrogels can be successfully added to edible films without changing their main packaging properties. Since natamycin could be successfully released from polysaccharide-based films, the system could be used as active packaging ingredient, when used free in the matrix or as smart packing when loaded with poly(N-isopropylacrylamide) nanohydrogels [353] .
Polymer nanocomposites, especially natural biopolymer-layered SiO 2 -based nanocomposites, exhibit markedly improved packaging properties due to their nanometer size dispersion. These improvements include increased modulus and strength, decreased gas permeability, and increased water resistance. Additionally, biologically active ingredients can be added to impart the desired functional properties to the resulting packaging materials [354] . The montmorillonite-nylon 6 nanofibrous membrane coating on polypropylene films extended the shelf life of food products by preventing lipid peroxidation and microbial growth by reducing oxygen and moisture transfer due to the improved oxygen and moisture permeability barrier conferred by montmorillonite clay incorporation in the nylon-6 membranes [355] . By blending polyethylene with nano-powder (nano-Ag, kaolin, anatase TiO 2 , rutile TiO 2 ), Yang et al [356] synthesized a novel nano-packing material with lower relative humidity, oxygen transmission rate and high longitudinal strength which was able to maintain the sensory, physicochemical and physiological quality of strawberry fruits at a higher level compared to the normal packing (polyethylene bags). AgNPs absorb and decompose ethylene, which may contribute to their effects on extending shelf life of fruits and vegetables [357] . Senescence of the Chinese fruit jujube was retarded by nanocomposite polyethylene film with AgNPs [358] , and a coating of Ag nanomaterial prolonged the shelf life of asparagus samples by decreasing microbial growth [359] , while TiO 2 powder-coated food packaging film was found to be suitable for use with freshly cut produce due to its ability to inactivate E. coli [360] .
De Lima et al [361] evaluated the genotoxicity of different polymeric chitosan/poly(methacrylic acid) NPs (sized 60, 82 and 111 nm) at different concentration levels, using the A. cepa chromosome damage test as well as cytogenetic tests employing human lymphocyte cultures. While no evidence of DNA damage caused by the NPs was observed (no significant numerical or structural changes were observed), the 82 and 111 nm NPs were toxic to the cells at the highest concentration tested (180 mg/dm 3 ). Only exposure to 60 nm NPs showed no significant changes in the mitotic index, indicating that these NPs were not toxic.
Weiss et al [362] in their article presented some of the morphologically different structures and associated manufacturing technologies that could be used to build functional food systems and highlighted the applications of current and emerging technologies that may be used for food formulations, processing and storage. A comprehensive review focused on nanotechnology use in agro-food industry "from field to plate" was published by Dasgupta et al [363] and opportunities, benefits and risks of application of nanotechnologies in this sector were summarized by Handford et al [364] . Other review papers are focused on nanotechnology and its applications in the food sector [16, 365, 366] as well as on more specific topics such as applications of nanotechnology in food packaging and food safety [367] [368] [369] , health safety aspects of nanotechnologies in food production [370] and development of regulations for food nanotechnology [371] .
Nanobarcodes serve as uniquely identifiable nanoscale tags and have been applied for non-biological applications such as those for authentication or tracking in agricultural food and animal husbandry products [372] . Nanobarcodes become a biological fingerprint created by NPs which generate unique reading stripes for every food item [31] . Nanobarcodes can also be used for cost-effective detection of pathogens in food products [373] .
It can be concluded that it is undeniable that nanotechnologies present many beneficial applications to the food industry; so far some of the more developed applications include: improved supplements, novel food packaging and targeted crop pesticides. However, risk assessment, exposure assessment and risk management are all urgently required for existing products available on the world market [374] .
Nanoecotoxicology, health risks and regulations
Ecotoxicology is a multidisciplinary field that integrates toxicology and ecology; it is focused on the study of the effects of toxic compounds on biological organisms, especially at the population, community and ecosystem level [375] . Ecotoxicology of nanomaterials investigates the actual behaviour of NPs in the real environment in relation to other particles and contaminants. It could be noted that NPs that are able to retain their particle size, properties and reactivity after entering environment can exhibit toxic effects on target as well as non-target organisms, since materials being innocuous in bulk form often become toxic when they reach nanosize [13, [376] [377] [378] [379] . Due to the increasing use of products containing NPs the ecotoxicology of NPs became of an increasing importance in last years.
In general, the toxicity of NPs is determined by their particle size, shape and biodegradability [76, 390, 381] . Based on the particle size and biodegradability of NPs these can be classified into four classes: (i) size > 100 nm and biodegradable; (ii) size > 100 nm and non-biodegradable; (iii) size < 100 nm and biodegradable; (iv) size < 100 nm and non-biodegradable. Of course, non-biodegradable materials, which can remain in the body, accumulate and stimulate the immune system represent an increased risk of toxicity [381] .
Even though NPs usually aggregate after entering environment, which is reflected in their impaired stability, investigation of mechanisms of toxic effects/impacts of NPs and factors responsible for their toxicity is indispensable, and toxicity trials should be performed not only for bulk agrochemicals but also for nanocarriers and final nanoformulations. Particular attention should be devoted to non-biodegradable materials due to risks of accumulation and persistence in soil, plants and mammals, which may subsequently result in various pathological processes [12, 81, [382] [383] [384] [385] .
NPs can enter the human body in several ways: (i) via the lungs where a rapid translocation through the blood stream to vital organs is possible, including crossing the blood brain barrier, and absorption by (ii) the intestinal tract, or (iii) the skin [386] . In agriculture, mainly dermal contact with toxic NPs and their possible inhalation represents the major risk.
As mentioned above, toxic effects of NPs are mostly connected with the damage of membranes, generation of reactive oxygen species and genotoxicity. Some toxicological studies have reported that the nanomaterials can be cytotoxic [387] [388] [389] [390] [391] [392] , genotoxic [391, [393] [394] [395] [396] [397] [398] [399] , bactericidal [400] [401] [402] [403] [404] , neurotoxic [405] [406] [407] [408] [409] and ecotoxic [410] [411] [412] [413] [414] .
Based on these facts, codification and unification of regulation requirements for nanotechnology and preparation and application of NPs especially in relation to nature, environment and health is strongly needed [415] [416] [417] . The Organisation for Economic Co-operation and Development (OECD) Working Party on Manufactured Nanomaterials (WPMN), which is comprised primarily of regulators from various countries, is looking to share information among the countries about regulatory actions and voluntary programs and the data they have or need for discussions relating to regulatory decisions [418, 419] .
Based on recommendations of the Scientific Committee on Emerging and Newly Identified Health Risks (SCENIHR) that was set up in 2004 by the European Commission to provide the Commission with unambiguous scientific advice on the safety of a series of issues requiring a comprehensive assessment of the risks, such as new technologies and medical devices, the European Commission Directorate for Health & Consumers issued a final opinion regarding the definition of the term "Nanomaterial" [420] followed by the opinion on AgNPs [421] and the opinion on the determination of Potential Health Effects of Nanomaterials Used in Medical Devices [422] . The European Food Safety Authority (EFSA) issued guidance draft on risk assessment for nanotechnologies used in food and feed applications [423] . The European Commission has initiated a public consultation on Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) annexes [424] . The U.S. Environmental Protection Agency (EPA) issued a proposal to use the provisions of the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) to collect information on the use of nanomaterials in pesticide products [425] ; it also granted a conditional registration for a nanopesticide [426] , nevertheless this regulatory policy is criticised [427] . The U.S. National Institute for Occupational Safety and Health (NIOSH) issued Occupational Exposure to Carbon Nanotubes and Nanofibers [428] . The U.S. Food and Drug Administration (FDA) issued three final guidance documents reflecting FDA's current thinking on certain issues related to the use of nanotechnology in FDA-regulated products [429] [430] [431] . These guidelines are being issued as part of FDA's ongoing implementation of recommendations from FDA's 2007 Nanotechnology Task Force Report. Other relevant documents can be found on FDA website, see Nanotechnology Fact Sheet [432] .
Conclusion
Nanoscale science and nanotechnology demonstrated to have a great potential in providing various innovations and improved solutions, and NPs and nanotechnology can find application almost in all branches of human activities. In this contribution, the application of nanotechnology in agricultural and food production is summarized. Based on the above-mentioned facts it can be concluded that NPs and/or controlled-release and targeted delivery nanoformulations are broadly used for agrochemicals (eg, nanopesticides, nanofertilizers) that were primarily designed to reduce the amount of applied active ingredients by means of their enhanced bioavailability and protection against degradation, which finally resulted in a decrease of dose-dependent toxicity for non-target organisms and environmental burden. Nanoparticles can be used as vectors for gene transport. The application of nanotechnology in the areas such as food packaging, food security, detection of pathogens and contaminants by using nanosensors and indicators, encapsulation of nutrients and development of new functional products is growing rapidly. Nanoscale food packaging materials may extend food life, may improve food safety, may alert consumers that food is contaminated or spoiled, repair tears in packaging and even may release preservatives to extend the life of the food in the package. As mentioned above, nano-size materials change their physical and chemical properties in comparison with bulk materials and can become toxic when reach nano-size. Therefore increased attention must be devoted to the impact of risk factors associated with their usage on the environment and possible adverse effects on non-target organisms and mammals, especially humans.
